Abstract. The accurate control of the relative phase of multiple distinct sources of radiation produced by high harmonic generation is of central importance in the continued development of coherent extreme UV (XUV) and attosecond sources. Here, we present a novel approach which allows extremely accurate phase control between multiple sources of high harmonic radiation generated within the Rayleigh range of a single-femtosecond laser pulse using a dualgas, multi-jet array. Fully ionized hydrogen acts as a purely passive medium and allows highly accurate control of the relative phase between each harmonic 9 Author to whom any correspondence should be addressed. source. Consequently, this method allows quantum path selection and rapid signal growth via the full coherent superposition of multiple HHG sources (the so-called quasi-phase-matching). Numerical simulations elucidate the complex interplay between the distinct quantum paths observed in our proof-of-principle experiments.
Introduction
The generation of coherent extreme UV (XUV) pulses of attosecond-to-femtosecond duration via the nonlinear process of high harmonic generation (HHG) [1, 2] is of substantial interest for applications in ultrafast science [3] [4] [5] [6] and the external seeding of free electron lasers (FELs) [7] . However, the applicability of such XUV sources suffers from the low photon flux and, under certain circumstances, limited temporal and spatial coherence. Achieving both full coherent control and a higher conversion efficiency needs to be the focus of any new generation concept of high-order harmonic generation.
Unlike harmonic generation in conventional nonlinear optical processes (such as frequency doubling of lasers in nonlinear crystals), where the phase of the laser is directly related to that of the harmonic beam, HHG does not result in a unique phase relationship between a harmonic photon and the driving laser at the single atom level. The underlying physical mechanism is easily understood using the three-step model [8] , whereby the electron first gets ionized via tunnel ionization, is subsequently accelerated in the laser field and finally releases the kinetic and ionization energy in the form of a harmonic photon. Since tunnel ionization is a continuous process during each laser cycle, there are a number of quantum paths that any given electron can take. Specifically, there are two paths that result in a recollision with the parent ion during the first laser cycle and with the same kinetic energy-the so-called long and the short trajectories [9] . As the names suggest, they are differentiated by the amount of time the electron takes between ionization and recollision and this is shown schematically in figure 1 . The long trajectory corresponds to electrons released just beyond the peak of the laser electric field, while the short trajectory corresponds to electrons with the same return energy released just before the first zero-crossing of the field. Expressed in terms of the laser period T the short (long) trajectory correspond to durations of τ < 0.65T (τ > 0.65T) between ionization and recollision with parent ion [10] . The path-dependent phase difference between the fundamental and harmonic radiation is given by the quasi-classical action of the electron [9] and is thus linearly dependent on the intensity of the driving laser such that φ approximately equal strength and have a strong influence on the temporal and spatial coherence properties [11] . For example, due to the weaker intensity dependence of the quantum-path phase φ j QP , the phase front curvature of the short trajectory contribution is smaller than that for the long trajectory contribution, leading to a reduced divergence and to a higher degree of spatial coherence [12] . Secondly, the strong laser intensity variation from cycle to cycle typical of HHG experiments results in different return times for electrons with a given kinetic energy and hence the intensity-dependent phase degrades the periodicity of the HHG process, resulting in a complex spectral structure. Again this effect is much more pronounced for the long trajectory. Therefore achieving the highest coherence of the harmonic beam is best achieved by the selection of a short quantum path. One possible method leading to a high degree of coherence is to select only harmonics near the harmonic cut-off corresponding to a trajectory length of 0.65 T, where the two quantum paths become degenerate. The significantly reduced efficiency at high harmonic orders near the cut-off makes this approach undesirable from the perspective of achieving efficient harmonic generation, although it provides a convenient route for generating isolated attosecond pulses [13] .
Another approach is to exploit the distinct intensity dependence of the return phase of the two quantum paths in combination with the phase-matching conditions in the generating medium. Coherent build-up of the harmonic signal throughout requires that the nonlinear medium is shorter than one coherence length L c = π/ k, i.e. that the radiation generated at the beginning of the medium should be less than half a wave out of phase with radiation generated at the end of the medium. Clearly, any changes in laser intensity along the propagation path will affect the phase of the quantum path contribution and add a phase mismatch k j QP due to the intrinsic physics of the HHG process. The total phase mismatch is then given by the sum of atomic phase for each quantum path and the phase mismatch due to propagation in the medium k = k 4 plasma dispersion due to free electrons in the limit of strong ionization. Controlling the focusing, medium density and laser intensity it is therefore possible to approximately compensate for the phase mismatch of the desired quantum path and therefore achieve significantly different coherence lengths for the two trajectories, which allows a degree of quantum path control [14, 15] .
Achieving full coherent control of the contributions of the two quantum paths and hence optimal coherence properties requires extremely accurate control of the phase-matching conditions in the medium. An attractive concept for achieving such a level of control is to separate the harmonic generation process from phase matching by coherently adding multiple harmonic generation zones created by the same laser-an approach known as quasi-phasematching (QPM) [16] . In the case of HHG, QPM is typically implemented by allowing the signal to build up over one coherence length (the HHG half-period) and subsequently suppressing HHG for another coherence length (the matching half-period) until the driving field and harmonic field are in phase again. Perfect phase control between separate HHG sources therefore allows one quantum path to be selected. Since the intensity of N atoms emitting radiation coherently increases as N 2 under phase-matched conditions QPM also enables an (N QPM ) 2 increase in total pulse energy through coherent superposition of N QPM individual sources [17] . In this paper, we present the concept of a novel dual-gas QPM approach which allows the phase between two HHG sources to be controlled with the extreme accuracy required for generating well-defined attosecond pulses [18, 19] and the coherent control of the pulse properties critical for FEL seeding [14, 20] .
Dual-gas quasi-phase-matching
QPM can be achieved by any means that allows one to modulate the strength of the source term: for example, by varying the driving laser intensity with modulated capillary diameters [16, 21] or multi-mode beating in a capillary [22, 23] , by using counterpropagating pulses [24] and by polarization gating [25] . Alternatively, the atomic density of the generation medium can be modulated [15, 26] either using multiple jets [17, 27] or by a capillary discharge [28] . These approaches have been highly effective in demonstrating the validity of the QPM principle to HHG, but still leave room for improvement in terms of coherent control of the quantum paths and achieving signal growth close to the ideal (N QPM ) 2 scaling. An ideal QPM scheme should allow the HHG yield of the source to be limited only by absolute constraints of the medium itself (such as the absorption length and harmonic polarizability of a single atom or ion χ q ). To achieve this, the matching half-period should be completely passive (no HHG signal produced) and allow full and easily tuneable control of the phase between individual sources. This allows clean trajectory selection and rapid growth of the HHG signal to be achieved. Secondly, the matching half-period should negligibly absorb both harmonic and laser fields. Furthermore, since the high intensities required for HHG can only be achieved in the Rayleigh length of a laser beam, it is desirable to have the QPM periods as closely spaced as possible, thus maximizing the number of QPM periods within the Rayleigh range. The effects of absorption and imperfect suppression for QPM schemes that have ideal periodicity of 2L c are shown in figure 2. Note that reduction in the signal growth due to non-ideal modulation depth and absorption can be very substantial. Additionally, highpeak-power [29] or high-average-power applications using present-day lasers [30, 31] the wall load is very high-such as multi-mode capillaries [23] -or when high-average-power systems are used being of particular interest for FEL seeding due to FEL pulse repetition rates of up to 1 MHz [20] .
All the QPM schemes presented above, while elegant advances in their own right (in particular the use of counterpropagating pulses [24] ), fall short of the ideal scenario discussed here, either because the source in the matching half-period is only weakly suppressed, the gas in the matching half-period adds appreciable absorption and/or because the spacing of multiple jets requires distances longer than common Rayleigh lengths. Among the basic concepts discussed above, free-propagating geometries appear to be the only solution meeting the requirements of high average power applications and therefore free jets appear to be best suited for generating the target setup.
Multi-jet arrays have been theoretically investigated [32, 33] and first experiments have been performed using the Gouy phase shift as the matching parameter in vacuum intersections between multiple sources [17, 27] . The one-dimensional (1D) theory predicts remarkable control of the relative weight of quantum path contributions on-axis and the possibility of substantial signal gain. In practice, the ionization-induced defocusing not included in the original theory complicates the evolution of the relative phase from the idealized vacuum Guoy shift and results in a jet separation which is substantial compared to the Rayleigh range of the laser. This implies that it is not possible to utilize the large number of jets required for highquality coherent control or substantial signal gain.
In order to meet all requirements stated above, we developed a novel QPM multi-jet concept in which a generation medium alters with hydrogen as a passive matching medium (see figures 3(a) and (b)). The only restriction within dual-gas QPM is that the HHG medium Experimental setup and principle. A gas-jet array consisting of two or more argon HHG jets interspersed with hydrogen phase-matching jets allows full control of the relative phase between the source jets by varying the hydrogen pressure. The jet array was irradiated with 30 fs pulses with an energy of 1 mJ from a Ti:sapphire laser system (800 nm) with a peak intensity in vacuum of 8 × 10 14 W cm −2 . The fundamental laser light is filtered by two 200 nm Al filters and the XUV pulses are detected by an angularly resolving flatfield spectrometer. Due to geometrical constraints, the highest observable order was 41 . Inset (a) shows a schematic diagram of the jet array with argon HHG jets alternating with hydrogen-matching jets with a periodicity of 2L c . (b) Cross-section of the prototype target with crossing jets. must have a significantly higher ionization potential than atomic hydrogen (e.g. most of the common HHG media such as helium, neon, argon and their ions). If this condition is fulfilled, hydrogen will be fully ionized at the rising edge of the pulse. Since completely ionized hydrogen cannot emit further harmonic photons, the first condition for an ideal QPM scheme is perfectly met. Neutral and depleted hydrogen have minimal absorption for all wavelengths of interest compared to HHG media available and therefore the hydrogen half-period also fulfills the second condition and only adds a phase dominated by the free-electron dispersion such that
where L M is the length of the matching half-period, n e the electron density, r e the classical electron radius and λ the fundamental wavelength. The jet design used as a dual-gas multi-jet array is shown in figure 4(a) . The jets are formed by electro-eroded Laval-shaped nozzles with a diameter of 200 µm at the nozzle exit. The separation of the nozzle centers is 430 µm center-to-center. The Laval shape is important for reducing the spread of the gas after exiting the nozzle and therefore serves to minimize turbulence between neighboring jets. The nozzle support is constructed in a way that the arrays of argon and hydrogen have a crossing angle of 15
• , which leads to a crossing distance to the two nozzle entrances of about 150 µm. The argon array is placed on a solid spring for fine adjustment of the relative position of the two jet assemblies. The distance between the driver and the matching jet is as small as 230 µm center-to-center. The backing pressures in the two arrays are controlled separately with absolute electronic pressure controllers, whereas all nozzles of the same array are operated with the same backing pressure. Arrays with either two HHG jets and one matching jet or four HHG jets interspersed with three matching jets are part of the proof-of-principle design.
Hydrogen as a matching medium within dual-gas QPM does not only add a phase difference between the laser and XUV fields. It also acts as a spacer between the sources, which ensures a high modulation amplitude, leading to sharp edges of generation and matching zones. Figures 4(b) and (c) show plasma side images of an array with two generation zones and one matching zone. In figure 4(b) , no hydrogen is used so that the generation jets (e.g. argon in this case) fill the complete interaction area. By adding the hydrogen (figure 4(c)) two distinct generation jets become visible with the weakly emitting hydrogen plasma in the center.
In conclusion, the novel dual-gas QPM scheme combines the theoretical advantages of QPM for achieving high signal levels with a free propagating geometry that is suitable for converting high-power lasers. Dual-gas QPM is, in principle, compatible with producing bright harmonic spectra at short wavelengths approaching the water window and beyond. Phasematched operation at such short wavelengths has recently been demonstrated by Popmintchev et al [34] using very long laser wavelengths where phase matching is easier to achieve at the cost of substantially reduced single-atom response (∝ λ −6 L ). Compared to this approach, dualgas QPM operation has the added flexibility of being largely independent of driver wavelength and medium and may thus allow the strong harmonic response using high-power, shorterwavelength drive lasers to be harnessed. To achieve ideal performance the phase introduced by each matching half-period would have to be varied freely from one hydrogen zone to the next. This is important because it is very difficult to achieve perfectly uniform conditions over long lengths along a high-power laser focus and especially for very high orders (e.g. sub-10 nm wavelengths) the laser field will experience sub-cycle modifications due to non-adiabatic effects in the generation medium [32] . This implies that L c is not a constant along the propagation path and the dual-gas QPM scheme should allow for fine-tuneability to ensure that the total phase added by each QPM period corresponds to 2π . This feature, being in principle possible, will be implemented in future versions of the dual-gas multi-jet array allowing more than ten generation jets in the sub-10 nm regime. This will, of course, put high demands on the vacuum pumping 8 system, because in contrast to capillary-based HHG, higher backing pressures are needed in a free-jet system for achieving adequate signal in the short-wavelength regime.
However, for all wavelengths of interest it needs to be ensured that the absorption length of the systems is larger than the total length of the generation medium within the dual-gas array. Only if this condition is fulfilled, the QPM effect will lead to effective control of the quantum path contributions.
Quantum path control
The effectiveness of the dual-gas approach of achieving signal enhancements via QPM is the subject of a separate publication [35] , in which we highlight the achievement of the full theoretical enhancement (36×) for an array consisting of six QPM periods.
The ability to coherently tune the relative weight of short and long trajectory contributions with dual-gas QPM was tested in the simplest geometry consisting of two argon jets for the HHG half-periods and one hydrogen jet for the matching half-period irradiated with 30 fs pulses from a titanium-sapphire laser with pulse energies of 1 mJ and at a repetition rate of 1 kHz (see figure 3 ). The central wavelength was 800 nm. The laser was focused with a parabolic mirror and a focal length of f = 15 cm into the gas array leading to a peak intensity up to 8 × 10 14 W cm
with a focal spot size of 40 µm (full-width at half maximum, FWHM). The XUV radiation was detected using a flatfield XUV spectrometer coupled to an ANDOR CCD (type 435-BN, 13 × 13 µm pixel size), which resulted in an angular field-of-view of approximately 15 mrad. The Hitachi flatfield grating was calibrated at the Daresbury Synchrotron source to be able to extract absolute efficiencies from the measurement. The gas array was positioned 1 mm before the focal spot in order to increase the effect of the intrinsic phase [15] . In addition, the harmonics investigated were chosen to be well within the plateau region of the spectrum to ensure that long and short trajectory tuning is well distinguishable. Figure 5(a) shows the effect of varying the hydrogen pressure between the two argon generation jets. The 2 bar backing pressure for the argon jets has been chosen such that the N 2 increase in the angularly and spectrally integrated harmonic yield has stopped for all wavelengths visible in the spectrum. In addition, the absorption length for the 27th (41st) harmonic is about 20 mm (11 mm) for 14 torr in argon and thus much longer than the total generation zone (14 torr has been determined to be the actual argon pressure at 2 bar backing pressure using interferometric techniques [36] ). Hence, it becomes obvious that pure phase tuning takes place by varying the hydrogen pressure.
To fully understand the physics behind these data, we look at the 41st and 27th harmonics in more detail. Figure 5(b) shows an oscillation of the harmonic yield of the 41st harmonic with two peaks at 1 bar and around 2.5 bar hydrogen pressure. The spectrally integrated lineout reveals an asymmetric shape of the oscillation. Since changing the density of the fully ionized hydrogen only affects the relative phase between the two sources, such behavior would not be expected for a well-defined relationship between laser and harmonic phase (i.e. where only one trajectory was present). Under such circumstances a periodic oscillation with hydrogen pressure should be observed. The asymmetry in the oscillation becomes even more obvious in figure 5(c) where the 27th harmonic is tuned with hydrogen. We can see a spectral splitting in the color plot and the two spectral components seem to be tuned separately by hydrogen. The spectrally integrated linout shows an asymmetry which originates in the superposition of the two spectral features. By separating the two components (red and black curves in the lineout plot) a smooth oscillation can be observed for each of them. This behavior can be understood in terms of the two distinct quantum trajectories. As discussed in section 1, these trajectories correspond to different ionization and recollision times, but should have the same electron kinetic energy upon return to the atom and consequently result in the emission of photons with approximately the same frequency. However, because of the effects of intercycle ionization and variation in the laser intensity, the exact emission frequency can be slightly different for the two quantum paths resulting in spectral splitting of each harmonic, which is clearly visible for the 27th harmonic in figure 5 .
To distinguish the effects of the different trajectories from other effects on the harmonic spectral shape [37] , we performed 3D simulations considering each trajectory separately. The simulation was performed with a 3D code based on the saddle-point analysis of the Lewenstein model for the single-atom dipole response [38, 39] allowing the inclusion of arbitrary quasistatic ionization rates and atom-specific recombination matrix elements. In addition, it provides a tool to study the contributions of the long and short trajectories separately, which is important for our purpose. The detailed theoretical model behind the simulation is described in several publications [40] [41] [42] . The code was modified to simulate a multi-jet array with hydrogen matching zones. The contributions of the short and long trajectories were accounted for by calculating the complex spectrum for both all short and all long trajectories for the entire pulse and medium length. The matching hydrogen zones were taken into account by treating them as a purely dispersive medium where the plasma dispersion is the dominant phase term. This additional phase was added to the phase of the spectrum of the first jet. This spectrum was then added to that of the second jet, which was calculated separately. Note that the code calculates an electric field E = E(t, z, ρ) with t being the time, z the longitudinal coordinate in the generation volume and ρ the radial coordinate. The third dimension is included assuming axial symmetry, which is very well fulfilled in our experiment. Figures 6(a)-(e) show the radially integrated experimental data with respect to the variation in phase due to hydrogen for the 27th (41st) harmonic already shown in figure 5 . The simulated spectra in figures 6(b)-(f) show excellent agreement with the experimental data in terms of the dependence of the spectrum on the phase introduced by the hydrogen matching jet. As mentioned before, our simulation code allows the contribution of the short and long trajectories to be evaluated separately, and figures 6(c)-(g) show the short-trajectory contribution to the 27th (41st harmonic), whereas figures 6(d)-(h) show the long-trajectory contribution. The periodic modulations expected for QPM are now clearly visible for each trajectory as the phase between the HHG sources is varied. The path-dependent intrinsic phase φ j QP leads to a difference in the tuning effect of the passive medium hydrogen for the long and the short trajectory. Thus, strong suppression of the unwanted quantum path can be achieved by setting the relative phase between individual jets such that only the desired trajectory contribution is allowed to build up coherently over many QPM periods. As expected, the matching phase introduced by the hydrogen gas is greater for higher harmonic orders (see equation (1)) leading to a shorter coherence length.
The excellent agreement of the 3D simulations with the measurement demonstrates that the interference between short and long trajectories can be controlled effectively by inserting phase matching zones consisting of fully ionized hydrogen leading to high flexibility of quantum path choice. For FEL seeding, the QPI tuneability allows substantial control over the FEL pulse characteristics in terms of pulse shape and spectral properties by achieving full spatial and spectral coherence in a single harmonic by selecting the short quantum path. Clearly the long trajectory contribution can also be phase matched on axis, adding additional flexibility to the range of wavelengths than can be produced efficiently. This flexibility is of particular interest for increasing the tuneability of the FEL wavelength [14] -albeit potentially at the cost of reduced coherence as discussed above.
To test the ability of quantum path control also for a multi-jet with more than two sources, a further measurement has been carried out with an array consisting of four source and three matching jets. The energy was slightly reduced compared to the previous measurement, whereas all other parameters stayed the same. Figure 7 shows harmonic order 35-39 with 100 mbar 12 and 1.9 bar hydrogen matching pressure at a constant argon pressure of 2 bar. Similarly to the two-source array, one can clearly see spectral splitting due to quantum path interference, which leads to the easy observation of quantum path-dependent phase matching. For the lower backing pressure of 100 mbar the shorter trajectory is preferentially selected for all three harmonic orders shown. Since the absolute variation of the phase φ q with harmonic order is 19 times larger at the higher pressure, the relative weight of the different spectral contributions changes with order number such that for the 35th (39th) harmonic the short (long) trajectory contribution is dominant, whereas for the 37th harmonic the contributions are of equal strength.
Conclusion and outlook
We have shown, for the first time for a multi-jet HHG configuration, coherent control of the two main quantum paths by controlling the relative phase of the sources with matching zones consisting of fully ionized hydrogen gas inserted between the HHG zones. This result is fully supported by 3D simulations which reveal quantum path interference as the origin of the complicated spectral shape. The novel dual-gas QPM scheme allows not only for coherence control, but in principle also for a significant enhancement of the harmonic yield following the scaling law I q ∝ (N QPM ) 2 with the QPM period N QPM . This combination makes it highly attractive for various applications especially in a wavelength regime where short and long trajectories can be phase matched on axis, which makes an adequate coherence control necessary.
In principle, our scheme will extend to almost any medium as long as the ionization potential of the HHG medium exceeds that of atomic hydrogen and the absorption length is always larger than the actual medium length. Therefore, it will also be possible to exploit high-ionization-potential media offered by ion species while controlling the phase-matching conditions at the same time. Furthermore, we would like to emphasize that our method is in principle also applicable to capillary waveguides, both with and without a discharge, which makes absorption limited HHG using this method applicable to smaller-scale laser systems.
The control mechanism is not limited to any specific number of nozzles and the same behavior as for two sources has also been shown for four sources interspersed with three matching zones. QPM with a dual-gas multi-jet array forms a major step towards the next generation of applications that require highly coherent XUV sources with high repetition rates.
